Prevention of low bone mass is important to reducing the incidence of osteoporotic fractures. This paper shows that, in rats, bone mass can be increased by feeding habits per se. Using six-hourly urinary excretion of [3H]tetracycline from prelabeled rats to monitor bone resorption, we previously found a peak of bone resorption following food administration. We now demonstrate that dividing the solid and liquid intake into portions blunts this peak and leads to a decrease in 24-h bone resorption to the level observed in thyroparathyroidectomized animals. Calcium balance increases and, when such feeding schedules are imposed for 30 d, bone mass increases. Dividing the intake is not effective in thyroparathyroidectomized animals, indicating the importance of PTH and/or calcitonin. Administration of calcitonin inhibits practically only the peak of bone resorption, suggesting that it is osteoclast mediated. In contrast, treatment with a bisphosphonate reduces basal bone resorption without a specific effect on the peak, indicating a fundamentally different mechanism of action. This is also supported by the finding that their combined effects are additive. Whether bone mass in humans is also under the control of dietary habits is not known. If so, an increased meal frequency may be used to prevent osteoporosis. (J. Clin. Invest. 1995Invest. . 95:1933Invest. -1940
Introduction
Bone mass in adult humans decreases with age, leading to an increase in the risk of fractures (1) . With the longer life expectancy, fractures in the elderly have become a major health problem and will be even more so in the future. Prevention of low bone mass is therefore of prime importance. One of the means of reaching this goal is to increase the peak bone mass built up during adolescence. The other is to prevent the loss of bone in the elderly. Both can be approached either by increasing bone formation or by decreasing bone resorption. Fluoride is used currently, and PTH may possibly be used in this way in the future to increase formation. Estrogens, calcitonin, bisphosphonates, and calcium are used to decrease resorption (2, 3) .
In the present study we have pursued another approach, namely, to influence the diurnal rhythm of bone resorption. For this purpose, we used a new technique that allows the continuous measurement of bone resorption (4) . The technique is based on the chronic prelabeling of rats with [7-3H] N-tetracycline ( [3H]TC)' (5) . The measurement of [3H]TC in the urine, after discontinuation of [3H] TC injection, reflects bone resorption. When urine was collected every 6 h, we found with this technique the existence of a pronounced diurnal rhythm of bone resorption (4) . Since the rhythm was linked to food intake, with resorption increasing after food administration, the possibility of modulating it by changing the feeding habit of the animals arose.
In this paper we demonstrate that the diurnal rhythm of bone resorption is indeed blunted when the solid and liquid intake is divided into four portions instead of given at once. This is accompanied by a decrease in the 24-h excretion of
[3H ]TC and an increased calcium balance as well as an increase in bone mass.
Methods
Animals. The experiments performed in this study were approved by the State Committee for the Control of Animal Experimentation. 2-moold male Wistar rats from our own colony were used. They were reared in standard animal facilities that comply with the U.S. National Institutes of Health and the Swiss guidelines for the care and use of laboratory animals. Until the experimental phase, the rats had free access to tap water and were fed ad lib. a standard laboratory chow (Kliba 331; Klingentalmuhle, Kaiseraugst, Switzerland), containing 1.0 g Ca, 0.7 g P, and 80 IU vitamin D3/100 g dry wt.
Labeling procedure. Starting 2-3 d after birth, the rats were injected subcutaneously with a solution containing 10 yCi/ml of [3H]TC (New England Nuclear, Boston, MA) dissolved in 0.15 M NaCl. As described previously (4) , the injections were performed twice weekly for 6 The amount of food given was slightly less than the quantity the rats would eat spontaneously, so that all animals ate the entire amount of food offered. Except in the experiment investigating the effect of water fractionation (see Fig. 2 and Table II) , all rats consumed their food portions within 2 h. Demineralized water was available either freely or as 5-ml aliquots every 6 h. The daily intake of water was measured and verified by the urine volume.
Urine collection. After 10 d of adaptation to the individual metabolic cages, 24-h urine collections were performed, either manually once a day at the same time or every 6 h, as described previously (4) .
Thyroparathyroidectomy (TP7X Assessment ofphysical activity. The physical activity of the animals subjected to both dietary regimens (n = 6 for each dietary group) was recorded with a video camera. To allow recordings during the dark period (12 h), the room was illuminated with a weak source of red light (two darkroom bulbs directed towards the ceiling) throughout the experiment. Two adjacent cages (one for each dietary group) were filmed simultaneously with a highly sensitive red light camera for 3 min every 2 h for 24 h. Thus, after 6 d, a total of 36 min of behavior was recorded on video tape for each rat. These tapes were then evaluated using ethopharmacologically defined elements of nonsocial behavior, i.e., muscularly demanding activity such as the cumulative frequency of horizontal activity (elements explore and substrate), vertical activity (elements rear and scan), body care (elements scratch, self groom, wash), and ingestive behavior (elements drink and eat), as well as the cumulative immobility time (elements sit and sleep) (6, 7) .
Analytical procedures. 3H in urine was determined by liquid scintil- Figure 2 . Effect of fractionating the liquid intake on the diurnal rhythm of bone resorption. The daily intake of demineralized water was provided either in a water bottle (free access) or as 5-ml aliquots every 6 h. Food was given once a day. (n = 6; cpm = 3H cpm in urine) lation counting. Aliquots of 1 ml urine were counted in 10 ml of Ultima Golds scintillator (Packard International, Zurich, Switzerland), and the result was multiplied by the urine volume. Since quenching was similar between samples, the data are reported as counts per minute. Calcium in the diets and bones was determined by atomic absorption spectrophotometry in ashed samples dissolved with 1 N HC1. In one experiment the whole carcass calcium was also determined. After removal of the left tibia for histological examination, the whole bodies were skinned and eviscerated, and the soft tissues were removed by dermestid beetles (8) . The right tibia was ashed separately from the rest of the skeleton. Whole body calcium was calculated from the concentration found in the remainder of the carcass and the concentration of calcium measured in the right tibia x 2.
For the morphological evaluation of bone mass, the trabecular bone volume was measured in 6-sm-thick metacrylate sections of the metaphysis of the left tibia stained with the von Kossa reaction. Trabeculae (stained black) were counted in the area 1 mm below the epiphyseal cartilage and are expressed in percentage of the total area measured (9) .
Data presentation. Results are given as mean values ±SEM. The significance of differences between groups was evaluated by Student's t test.
Results

EFFECT OF FEEDING HABITS
As previously shown, a diurnal rhythm of bone resorption occurs in rats with a peak after access to food (Figs. 1-3) .
To investigate the influence of the quantity of food given in one portion on this diurnal rhythm, rats were provided with the same daily amount of food of identical composition in four portions instead of one. When the animals were fed every 6 h and water was freely available, the resorption peaks of the diurnal rhythm were reduced as compared to the baseline measurement when food was given once a day (Fig. 1) .
When water was given in aliquots every 6 h and food once a day, the resorption peaks were not diminished, but the nadir values between the peaks decreased as compared to the baseline values (Fig. 2) . When water was again freely available, the diurnal rhythm resumed baseline values.
Dividing both food and water into 6-h portions decreased the diurnal rhythm of bone resorption slightly more ( Fig. 3 ) than food portioning had done (Fig. 1 ). The return to basal feeding conditions led to a partial recovery.
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R. C. Muhlbauer and H. Fleisch The animals receiving food every 6 h had a change their drinking habits. Instead of drinking entire volume at the usual feeding time of 2:00 p.r tributed to some extent their fluid intake over the Therefore, to assess the effect of food fractionatio groups, both receiving water every 6 h but one beir 6 h (treated) and the other every 24 h (control), wer To assess the magnitude of the overall daily inhibit resorption, the values from the four six-hourly urin each day were pooled, and results were given as 2ẽ xcretion. As shown in Table I , food portioning alo inhibition of bone resorption of 20-25%. Table I that the onset as well as the disappearance of this e after a time lag of 1 d.
Rats that were given the water in portions every to take more than the usual time to consume their foi To assess precisely the effect of portioning water same strategy was used as that described for foc animals being fed every 6 h. In the treated group, also given every 6 h, while in the control group water was freely available. The data, expressed as treated/control of cumulative 24-h [3H] TC excretion, show that the fractionation of water intake leads to an inhibition of bone resorption of -20-25%. (Table II) . This effect occurs without a time lag.
Finally, as shown in Table III feeding regimen (Table IV) . The calcium balance increased by increase in whole body calcium as well as in trabecular bone 6.81±2.67 mg/d, mainly because of an increase of the net volume was found, confirming the balance data (Table V) (Fig. 5 b) . Therefore, the optimal time of administration was investigated with a dose of 1.25 IU/kg body wt of calcitonin injected at 8:00 a.m., 1 1:00 a.m., and 2:00 p.m. The maximal effect appeared at 11:00 a.m. (data not shown). Thus, in the subsequent experiments, calcitonin was always administered 3 h before feeding. Fig. 6 , a-c shows the dose-dependent inhibition of the diurnal rhythm of bone resorption by calcitonin. The inhibition occurs clearly after the first injection, and a full recovery is observed 24 h after the last injection. While just the peak height is diminished at the low dose of 1.25 IU/kg body wt (Fig. 6 a) , calcitonin at higher doses tends to lower the nadir values also. As previously shown, in spite of a 60% inhibition of bone resorption with the bisphosphonate alendronate, the diurnal rhythm persisted (4) . To investigate whether the effects of calcitonin were additive, animals were given both inhibitors. Fig. 7 a confirms that, 3 d after a single injection of alendronate at a dose of 0.1 mg P/kg body wt, bone resorption was strongly and persistently inhibited. The diurnal rhythm was preserved at a proportioned level. In Fig. 7 b, all animals were pretreated with increase of bone resorption observed after food administration, rats were treated with the bisphosphonate etidronate at a rachitogenic dose. Fig. 8 a shows the inhibitory effect of etidronate on bone resorption as assessed with 24-h urinary [3H] TC excretion. X rays taken at the end of the urine collections (not shown) indicated, as expected, an inhibition of mineralization, i.e., a conspicuous widening of the epiphyseal line. However, the fractional diurnal rhythm of bone resorption expressed in percentage of the 24-h urinary [3H]TC excretion, assessed during the last 6 d of treatment, was unaltered (Fig. 8 b) .
Discussion
The present results confirm the existence of a strong diurnal rhythm of [3H]TC urinary excretion in the rat and document how it can be influenced by dietary and pharmacological means. We have previously shown, using three known means of increasing and decreasing bone resorption, that the excretion of [3H]TC over 24 h reflects bone resorption (4) . This is because the [3H]TC released from bone during bone resorption is only poorly reincorporated into newly formed bone, most probably because it circulates in a form that binds poorly to hydroxyapatite and is efficiently excreted by the kidney (4 Exogenous calcitonin abolished almost exclusively the increase of bone resorption observed after food administration. The effect occurred within hours and was reversible after discontinuation of treatment. This result strongly suggests that the increase of bone resorption observed after food administration is an osteoclast-mediated event. The effect is dependent upon the time of administration of the hormone with respect to the food intake, an optimal effect being obtained if calcitonin is given 3 h beforehand. This could be relevant for the administration of calcitonin in humans. Future work will be required to establish whether endogenous calcitonin plays a physiological role in the modulation of the diurnal rhythm of bone resorption. Recently, a protective effect of endogenous calcitonin against PTH-stimulated bone resorption has been found (12) .
The effect of calcitonin contrasts with the effect of another type of inhibitor of bone resorption, the bisphosphonates. Alendronate affects 24-h bone resorption by decreasing the nadir of the peaks but not their fractional amplitude, confirming previous results (4). Therefore, some fundamental differences in the mechanism of action of these two most powerful inhibitors of bone resorption are present. Possibly the fact that calcitonin acts directly on osteoclasts while, according to recent results, bisphosphonates act also through the mediation of osteoblasts on bone resorption could be relevant (13) . The presence of two mechanisms is also supported by the finding that effects of the bisphosphonate and calcitonin are additive, as indicated in Fig.  7 b. Such an additive effect of calcitonin and the bisphosphonate etidronate has been observed in humans afflicted with Paget's disease (14) and may be relevant in cases when hypercalcemia has to be corrected rapidly. However, our results contradict some results obtained in the rat where resorption was assessed by measuring [3H]TC in 24-h urine and where no additive effects of calcitonin and a bisphosphonate were found (15 humans, indicated by an increased urinary excretion of the markers of bone resorption, hydroxyproline (17) , and pyridinium cross-links (18, 19, 20) during the night. Whether in these subjects the main meal was in the evening and the fluctuation was therefore at least partially food induced is not known.
If a food-induced bone resorption also occurs in humans, its modulation by an increased meal frequency might possibly be used to decrease bone resorption and increase bone balance. This might be of use both in adolescents to increase bone mass and in the elderly to diminish bone loss, and would represent a new way to prevent the development of osteoporosis. Furthermore, the existence of an optimal time for the administration of calcitonin may also represent a novel strategy to optimize the benefit from this drug.
